Using x-ray diffraction from microfluidic channel arrays, we have determined concentration profiles of charge-stabilized silica colloids (radius 60 AE 2 nm) confined between two like-charged dielectric walls at a few hundred nanometer distance. In solutions of very low ionic strength, strongly repulsive Coulomb interactions drive the colloids toward the central region between the walls. The addition of a small quantity of salt ions (0.2 mM) causes a dense colloidal monolayer to be trapped near the walls. DOI: 10.1103/PhysRevLett.101.136103 PACS numbers: 68.08.Àp, 61.05.CÀ, 82.70.Dd, 87.19.rh Colloidal dispersions display physical properties different from the bulk if they are confined in narrow slits or pores. It is of great interest to understand how the confined geometry modifies the interactions between the colloidal particles. A charge-stabilized colloidal suspension between two flat like-charged walls at variable distance serves here as a model, because this system is well-defined and the strength and range of the repulsive Coulombic colloid-colloid (c-c) and colloid-wall (c-w) interactions are tunable [1] . For example, one may enhance the screening of the Coulomb interactions well beyond that caused by the colloid's counterions by adding salt ions to the dispersion. The c-c and c-w interactions determine the concentration profile of colloids across the confining gap as well as the colloid's pair distribution gðr k Þ within the plane of confinement. A series of video microscopy measurements of gðr k Þ have provided evidence for the existence of a longrange attractive interaction between two colloids in the presence of a wall [2] , which is a remarkable result, given their strong Coulomb repulsion in the bulk. Theoretical mean-field descriptions on colloid interactions which are based on either the use of Derjaguin-Landau-VerweyOverbeek potentials or solving the nonlinear PoissonBoltzmann equation using appropriate boundary conditions have brought confinement effects into evidence [3] [4] [5] . In parallel, models which explicitly account for the discrete nature of the solvent or for the presence of possible correlations in the density distribution of the counterions surrounding the colloids (''macroions'') and the charged walls provide evidence for the existence of short-range attractive forces in the neighborhood of the walls [6] [7] [8] [9] . For computational reasons, simulations have taken interactions between only a very small number of ions into account. Recent microscopy studies have reported the emergence of a long-range attractive force near a single wall upon increasing the ionic strength of the solution [10] . Further investigation of the nature and range of these interactions and the role of ionic strength is warranted.
Colloidal dispersions display physical properties different from the bulk if they are confined in narrow slits or pores. It is of great interest to understand how the confined geometry modifies the interactions between the colloidal particles. A charge-stabilized colloidal suspension between two flat like-charged walls at variable distance serves here as a model, because this system is well-defined and the strength and range of the repulsive Coulombic colloid-colloid (c-c) and colloid-wall (c-w) interactions are tunable [1] . For example, one may enhance the screening of the Coulomb interactions well beyond that caused by the colloid's counterions by adding salt ions to the dispersion. The c-c and c-w interactions determine the concentration profile of colloids across the confining gap as well as the colloid's pair distribution gðr k Þ within the plane of confinement. A series of video microscopy measurements of gðr k Þ have provided evidence for the existence of a longrange attractive interaction between two colloids in the presence of a wall [2] , which is a remarkable result, given their strong Coulomb repulsion in the bulk. Theoretical mean-field descriptions on colloid interactions which are based on either the use of Derjaguin-Landau-VerweyOverbeek potentials or solving the nonlinear PoissonBoltzmann equation using appropriate boundary conditions have brought confinement effects into evidence [3] [4] [5] . In parallel, models which explicitly account for the discrete nature of the solvent or for the presence of possible correlations in the density distribution of the counterions surrounding the colloids (''macroions'') and the charged walls provide evidence for the existence of short-range attractive forces in the neighborhood of the walls [6] [7] [8] [9] . For computational reasons, simulations have taken interactions between only a very small number of ions into account. Recent microscopy studies have reported the emergence of a long-range attractive force near a single wall upon increasing the ionic strength of the solution [10] . Further investigation of the nature and range of these interactions and the role of ionic strength is warranted.
In this Letter, we report the trapping of a colloidal monolayer near the confining walls. Since it occurs only for a specific range of ionic strengths of the solution, the condensation of colloidal particles into a monolayer results from major changes in the electrostatic screening near the walls. The trapped monolayers cause the confinement channel to become narrower by twice the particle diameter, an effect of direct relevance to diffusion of complex fluids through narrow pores.
Using synchrotron x-ray diffraction, we have determined the concentration profile of silica colloids across confining channels of different widths. The ionic strength of the fluid and thereby the range of Coulomb interactions between the macroions and between the macroions and the charged channel walls were tuned in situ by adding a 1:1 electrolyte (LiCl). In order to enhance the diffraction signal, microfluidic arrays of identical channels were employed [11] . The array acts as a phase grating, diffracting the x-ray beam into many orders [12] . From the measured efficiencies of the diffraction orders, the concentration profile of the colloids is uniquely derived [13] . Our method differs from optical video microscopy [2, 10] in several respects: (i) It directly measures laterally averaged density distributions across the channels instead of the positions of individual particles; (ii) it yields an ensemble average over an array of channels of equal width instead of a single realization; (iii) it enables an accurate determination of the distribution of the colloids' positions relative to the walls; (iv) its much shorter wavelength, in principle, allows for investigations of complex fluids and channels down to much smaller length scales; (v) it does not require any optical contrast between the colloids and dispersing medium.
The colloidal dispersions consist of 10, 15, or 20 vol % silica spheres having a radius r m ¼ 60 AE 2 nm in a solvent of 55% benzyl alcohol and 45% ethanol [14] . The silanol (SiOH) groups on the colloid's surface dissociate in the solvent producing a negative surface charge density of
0031-9007=08=101 (13)=136103 (4) 136103-1 Ó 2008 The American Physical Society typically 5 Â 10 À4 C m À2 [15, 16] and releasing H þ counterions into the solution. The silicon walls of the confining channels are covered by a thin natural oxide and are likewise negatively charged and also release counterions. The bulk Debye screening length is given by À1 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, where Z is the number of charges per colloid, Z " n is the number density of counterions, and n s is the number density of the monovalent electrolyte added to the dispersion. The Bjerrum length b ¼ e 2 =4 0 s k B T equals 3.1 nm, with the solvent's relative dielectric constant s ¼ 18:3, k B Boltzmann's constant, and the temperature T ¼ 300 K. For a 10 vol % base solution (fluid I), À1 ' 35 nm. After addition of 0.2 mM LiCl (fluid II), the bulk screening length reduces to À1 ' 10 nm, a value significantly smaller than the colloid radius. Confinement is expected to give rise to important changes in the screening behavior, which may be expressed by a positiondependent screening length that is smaller near the walls. An important parameter here is the strength of the Coulomb coupling between the macroions and the counterions as expressed by the coupling parameter À mc ¼ Z b =ðr m þ r c Þ, with r c being the radius of the counterion. We find À mc ' 8, so we may expect condensation of neutralizing counterions onto both the colloid surfaces and the walls.
A schematic of our experimental method is shown in Fig. 1 . The dispersion was injected into a microfluidic chip containing different periodic arrays of rectangular channels [11] . A single chip contains 50 arrays, each having 600 periods of the same length but a different channel width. The period p equals 1005 nm, and the channel width w ranges from 200 to 620 nm at an average increment of 9 nm. The height h of the channels is 4 m. The microfluidic chip is covered by a glass plate to prevent evaporation of the fluid. The gap between the glass plate and the array acts as a reservoir of fluid allowing a free exchange of colloids and microions. An x-ray beam of wavelength ¼ 0:104 nm was directed onto each of the periodic arrays on the chip, and their diffraction patterns were measured in transmission geometry using a microstrip detector (strip pitch 50 m) positioned 5.03 meters behind the sample. The momentum resolution is 6 Â 10 À4 nm À1 . From each array, typically 80 diffraction orders were measured. Figure 2 shows as an example the orders measured from an array containing fluid I and from an identical array containing fluid II (because of symmetry, only the positive orders are displayed).
The Fig. 2 highlights the differences between the intensities of the orders for fluids I and II. The structural rearrangements caused by the addition of a small quantity of electrolyte (0.2 mM) are quantified as follows. The efficiencies of all measured diffraction orders are extracted from the data by peak integration. The difference ÁðxÞ between the phases of diffracted exiting waves across the channel for fluids II and I is then determined from the Fourier series [17] ÁðxÞ '
where f in the fluid represent a weak phase object for all diffraction orders considered. Applying Eq. (1) to the diffraction orders shown in Fig. 2 , we find that in fluid II a dense colloid monolayer has formed near the walls (see Fig. 3 for a channel width w ¼ 407 nm). The phase profiles extracted from Eq. (1) are not corrected for refraction of the x-ray beam from the channel walls. One may account for this by replacing the kinematic form factor F m by its dynamical counterpart. Instead, we have employed the microfluidic array phase-profiling (MAPP) technique of Ref. [13] . It is based on a phase retrieval algorithm which allows the phase and amplitude of the exit wave field to be determined under certain additional constraints. Back propagation of the wave then eliminates refraction effects from the channel walls [18] . Our structural analyses of fluids I and II based on MAPP are summarized in Fig. 4 , which shows the measured concentration profiles as a function of channel width w expressed in local volume fractions. We first discuss the results for the dispersion with 10 vol % colloid without added salt (fluid I). Figure 4 (a) shows that this dispersion has its maximum colloid concentration near the center of the channel. This indicates a strong repulsion from like-charged walls. In addition, pronounced layering oscillations are present with maximum concentrations, e.g., at 380 and 590 nm where two and three layers have formed.
Dispersions with 0.2 mM of LiCl added (fluid II) are found to have a markedly different concentration profile within the channel; see Fig. 4(b) . A segregated monolayer is present at both walls, irrespective of the channel width. This behavior has been reproduced in five different measurements and for three different volume percentages 10%, 15%, and 20% of stock fluid. The pronounced monolayer disappears upon increasing the concentration of the electrolyte from 0.2 mM to 0.2 M [19] . This shows that the monolayer formation is related to subtle changes in the electrostatic screening near the walls, not to van der Waals attraction. It also appears that the walls act independently of each other in trapping the colloids.
In Fig. 4(b) , layering oscillations are observed in the space between the trapped monolayers (see channel widths of 395 and 523 nm for one-and two-layer structures). The maxima in the concentration of centrally located colloids appear at channel widths w different from those for fluid I. Our measurements show that the monolayers make the channel effectively smaller and act as new repulsive walls for the remaining colloids. We believe that these observations are consistent with a model in which the effective screening length À1 ðxÞ is position-dependent [9] . As viewed from a single colloid in the monolayer, À1 ðxÞ would be smaller at the side facing the walls than at the side facing the center of the channel. This may be explained as follows. A moderate Coulomb coupling between macro-and microions (here, À mc ' 8), results in a nonnegligible condensation of counterions onto the walls and colloid surfaces [20] . Correlations in the spatial distributions of these counterions may then enhance the concentration of counterions in the narrow space between a colloid and the wall. Apart from reducing the local screening length, this effectively leads to an attractive force. The effect of correlations is further enhanced for two neighboring colloids instead of one [9] , which explains our observation of a dense monolayer. We note, however, that the measured trapping effect is the net result of all forces acting on the colloids. These should include a repulsive force directed away from the wall which is associated with an image charge behind the walls of the same sign ( s > wall ) [5] and a repulsive force directed towards the wall which is exerted by the colloidal particles near the midplane of the channel. Our findings are consistent with previous predictions of adsorbed monolayer formation in confinement which explicitly account for correlated c-c and c-w interactions [3, 21] . However, the effect of salt ion addition was not considered in these studies.
The addition of a small quantity of salt (0.2 mM) creates the condition of a net attractive force towards the walls by increasing the number of counterions near the walls and lowering the screening length so that colloids can explore the regions very close to the charged walls. By contrast, in the dispersion without salt, the strong repulsive force between walls and colloids does not allow them to explore the wall regions. The colloids then stay sufficiently far away from the walls, and the screening length varies much less over the distance of a colloid diameter. At the other extreme, if a large quantity of salt (0.2 M) is present, the colloids explore the entire channel width, but the screening length has decreased by so much ( À1 ' 0:3 nm) that it, again, varies little around the surface of a single colloid. It appears therefore that the trapping of the colloidal particles near the walls is caused by a subtle shift in the balance of forces acting on the colloids, which occurs only for a certain range of intermediate salt ion concentrations.
In conclusion, we have quantitatively determined laterally averaged concentration profiles of charge-stabilized colloids in narrow charged channels and have observed the trapping of a monolayer of colloid near the channel walls upon addition of a small quantity of salt ions. We conjecture that this effect is related to a strongly reduced electrostatic screening length near the walls and the occurrence of spatial correlation effects in the distribution of neutralizing counterions. For the colloidal system investigated, the trapping occurs within a specific range of ionic strengths of the solvent. A full understanding of this intriguing phenomenon requires further investigations of systems with different charges on colloids and walls, valencies of the salt ions, and dielectric constants of solvent and walls.
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